Abstract. Resveratrol (RSV) has been shown to have a renoprotective effect against diabetic nephropathy, but the underlying mechanisms of this have not been fully elucidated. The aim of the current study was to explore the mechanisms responsible for the therapeutic effects of RSV in rat mesangial cells in vitro and in a rat model of diabetic nephropathy. The viability of CRL-2573 rat mesangial cells and their expression levels of p38, phosphorylated (p)-p38, transforming growth factor beta 1 (TGF-β1) and fibronectin were assessed in response to treatment with high glucose, with or without RSV. Diabetic nephropathy was also induced in Sprague-Dawley rats by streptozotocin treatment. At 8 weeks, basic biochemical parameters and histopathological abnormalities as well as the expression of p38, p-p38, TGF-β1 and fibronectin in rat kidneys were compared between control diabetic rats and those treated with 20 mg/kg RSV daily for 4 weeks. In the mesangial cell line, RSV inhibited high glucose-induced increases in cell viability and fibronectin expression by significantly reducing p38 mitogen-activated protein kinase (MAPK) activation and TGF-β1 expression (P<0.05). In diabetic rats, RSV significantly decreased blood glucose, serum creatinine and urinary albumin levels, as well as the kidney weight and ratio of kidney weight/body weight compared with the control group (P<0.05). Moreover, RSV ameliorated renal histological changes and downregulated the expression of p-p38, TGF-β1 and fibronectin in the kidneys of diabetic rats. These data suggested that RSV protected renal tissue from diabetes-induced injury and that this activity may be via inhibition of the p38 MAPK/TGF-β1 signaling pathway.
Introduction
Diabetic nephropathy is a chronic complication of diabetes that is characterized by the expansion of the glomerular mesangium and excessive accumulation of extracellular matrix (ECM) proteins secreted by the proliferating mesangial cells (1, 2) . The condition decreases patients' quality of life and is an independent risk factor for end-stage renal disease, thereby increasing the risk of mortality (3, 4) . The efficacy of current treatments for diabetic nephropathy is unsatisfactory in many patients, and diabetic nephropathy has become the leading cause of chronic dialysis (5) . Therefore, a consistently effective therapeutic strategy is urgently required for this condition.
An increasing understanding of the molecular mechanisms underlying diabetic nephropathy offers promising support for the development of effective treatment strategies. Previous studies in humans with diabetic nephropathy as well as experimental animal models of the disease have shown that diabetes and high-glucose conditions cause activation of protein kinase C (6-8) and mitogen-activated protein kinase (MAPK) (9-11) signaling pathways, which serve key functions in cell proliferation, differentiation and apoptosis. The family of MAPKs includes extracellular signal-regulated kinase-1/2, stress-activated c-Jun N-amino terminal kinase (JNK), p38 MAPK and big MAPK (12, 13) . Additional studies have demonstrated that mediation of transforming growth factor beta 1 (TGF-β1) by p38 MAPK plays an important role in stimulating cell proliferation and expression of ECM proteins such as fibronectin (14, 15) .
Resveratrol (RSV) is a natural polyphenolic compound found in various fruits, such as grapes, nuts and berries, as well as in red wine (16) . Previous studies have demonstrated that RSV has diverse beneficial health effects including anti-oxidative (17) , anti-inflammatory (18) , anti-cancer (19) , cardioprotective (20) and neuroprotective (21) cell proliferation and glomerular fibronectin expression though multiple signaling pathways under diabetic conditions both in vivo and in vitro. These include the PI3K/Akt, JNK/nuclear factor kappa B (NF-κB) and Akt/NF-κB pathways (18, 22, 23) . However, to the best of our knowledge, it is not known if a direct link exists between p38 MAPK and TGF-β1 in the mechanisms underlying the protective effect of RSV against diabetic nephropathy. The present study investigated whether RSV treatment could attenuate high glucose-induced mesangial cell viability as well as TGF-β1 expression, p38 activation and fibronectin expression in vitro and diabetes-induced changes in renal function and histological changes in vivo. Furthermore, it was examined whether the protective effect of RSV against diabetic nephropathy was due to the inhibition of TGF-β1 expression and was dependent on p38 MAPK activation.
Materials and methods
Rat mesangial cell line culture and treatment. Cells of the rat mesangial cell line CRL-2573 were purchased from the American Type Culture Collection (Manassas, VA, USA) and routinely cultured at 37˚C in Dulbecco's modified Eagle's medium (DMEM; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) containing 5.6 µM glucose (normal glucose) or 25 µM glucose (high glucose, HG) and 10% fetal bovine serum (HyClone; GE Healthcare Life Sciences, Logan, UT, USA). In cell viability experiment, cells were treated with 10 µM RSV (Cayman Chemical Co., Ann Arbor, MI, USA) or 10 µM of an inhibitor of p38 MAPK called SB-203580 (Cayman Chemical Co.) for 48 h, and the medium and agent were replaced daily. The cells were harvested at 48 h. RSV (10 µM) and SB-203580 (10 µM) were dissolved in dimethyl sulfoxide (DMSO), aliquoted and stored at -80˚C until use as treatments. The same volume of DMSO was used as the vehicle control treatment.
Cell viability assay. Cells were seeded in 96-well plates and cultured in DMEM with or without the aforementioned concentrations of HG, RSV and SB-203580 at 37˚C for 48 h. Cell viability was evaluated using a 3-(4,5-dimethylthiazolyl-2)-2,5-diphenyltetrazolium bromide (MTT) assay (24) .
Western blot analysis. Cells were lysed on ice using a radioimmunoprecipitation assay buffer (Beyotime Institute of Biotechnology, Haimen, China). Proteins were collected, electrophoresed via 10% SDS-PAGE, then transferred to polyvinylidene fluoride membranes (Roche Diagnostics GmbH, Mannheim, Germany). Then, the membranes were incubated at 4˚C overnight with the following primary antibodies: Anti-p38 at a 1:1,000 dilution (ab7952; Abcam, Cambridge, UK), anti-phosphorylated (p)-p38 at a 1:500 dilution (ab4822; Abcam), anti-TGF-β1 at a 1:500 dilution (ab92486; Abcam), anti-fibronectin at a 1:500 dilution (ab2413; Abcam) and β-actin at a 1:1,000 dilution (sc-130656; Santa Cruz Biotechnology, Inc., Dallas, TX, USA). The species-specific horseradish peroxidase-conjugated secondary antibodies (ZDR-5306; ZSGB-Bio, Beijing, China) were added at a 1:500 dilution and incubated for 1 h at room temperature to the membranes, and immunoreactive protein bands were detected using a Western Bright Enhanced Chemiluminescence detection system (Advansta, Inc., Menlo Park, CA, USA).
Induction of diabetic rat model and treatment.
A total of 50 healthy male Sprague-Dawley rats (8 weeks old, weighing 250±20 g) were obtained from the Animal Experiment Center of Xi'an Jiaotong University (Xi'an, China) and housed under specific pathogen-free conditions. All animals were given ad libitum access to standard food and water and were acclimated for 1 week prior to the beginning of the study. Diabetes was induced using a single dose (55 mg/kg) of streptozotocin (STZ; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) injected intraperitoneally, as described previously (25) . The STZ was dissolved in cold sodium citrate buffer (0.1 M, pH 4.5). The normal control (NG) rat group (n=10) received an injection of the same volume of sodium citrate buffer. Blood glucose levels were measured with a portable glucometer (OneTouch UltraVue TM ; LifeScan China, Shanghai, China) in samples from the tail vein at 72 h after STZ injection, and a plasma glucose level greater than 16.7 mM was considered indicative of diabetes in the rats. The diabetic rats were randomly divided into three groups: Diabetes mellitus (DM) control group (n=10), DM treated with RSV (DM + RSV) group (n=10) and DM treated with vehicle (DM + DMSO) group (n=10). Eight weeks after STZ treatment to induce diabetes, rats in the DM + RSV group were administered orally with 20 mg/kg RSV (dissolved in DMSO and diluted in 0.9% physiological saline) every day for 4 weeks. Over the same period, rats in the DM + DMSO group were treated with the same volume of vehicle (DMSO) as a control. At the end of these experiments, all animals were anesthetized by 10% chloral hydrate (300 mg/kg) and sacrificed by venous air embolism for subsequent analysis. This study was approved by the Ethics Committee of the First Affiliated Hospital of Xi'an Jiaotong University School of Medicine.
Histological examination and immunohistochemistry. Rat kidneys were removed, fixed in 10% formalin solution and embedded in paraffin. Sections of 5-µm thickness were cut from the fixed kidney tissue, deparaffinized, hydrated and stained using hematoxylin and eosin. Histological properties were examined using an Olympus BX51 polarizing microscope (Olympus Corporation, Tokyo, Japan). For immunohistochemical staining, 5-µm paraffin-embedded tissue sections were prepared on poly-L-lysine-coated microscope slides. These sections were then deparaffinized, hydrated and incubated in 0.3% H 2 O 2 /methanol for 10 min at 25˚C to quench endogenous peroxidase activity. The slides were boiled at 100˚C for 10 min in 1% citrate buffer (pH 6.0) for antigen retrieval and then blocked with blocking solution containing goat serum (ZSGB-Bio, Beijing China). Sections were incubated with polyclonal antibodies against p38 (1:100; ab7952; Abcam, Cambridge, UK), phosphorylated (p)-p38 (1:200; ab4822; Abcam), TGF-β1 (1:500; ab92486; Abcam), or fibronectin (1:500; ab2413; Abcam) overnight at 4˚C. After incubation with a biotinylated secondary antibody (1:20; Bangalore GeNei; Merck KGaA, Darmstadt, Germany; Stored at -20˚C) at 25˚C for 40 min, horseradish peroxidase was applied to the sections and diaminobenzidine was used as the chromogen. Finally, the sections were counterstained with hematoxylin and examined by light microscopy. Image-Pro Plus 6.0 software (Media Cybernetics, Inc. Rockville, MD, USA) was used for quantitative analysis of the immunohistochemical staining results.
Statistical analysis. Statistical analysis was performed using the Student's t-test and SPSS 16.0 software (SPSS, Inc., Chicago, IL, USA). All data are expressed as the mean ± standard deviation of three independent experiments. P<0.05 was considered to indicate a statistically significant difference.
Results

High glucose induced rat mesangial cell viability, TGF-β1 expression and fibronectin expression by promoting p38
MAPK activation. First, the effect of high glucose on the CRL-2573 rat mesangial cell line in vitro. As shown in Fig. 1A , treatment of rat mesangial cells with 25 µM glucose for 24 h led to significantly increased cell viability as compared with a normal glucose treatment of 5.6 µM (P<0.05). In addition, treatment with high glucose significantly increased TGF-β1 and fibronectin expression (P<0.05 for both) and significantly promoted p38 activation, resulting in upregulation of p-p38 (P<0.05). These results suggest that exposure to high glucose caused rat mesangial cells to proliferate, express increased levels of TGF-β1 and fibronectin and exhibit increased levels of p38 activation.
To further examine the association of rat mesangial cell viability, TGF-β1 expression and fibronectin secretion with p38 activation, cells were simultaneously treated with high glucose and the p38 inhibitor SB-203580 (25 µM) for 24 h. Treatment with SB-203580 significantly inhibited the high glucose-induced viability of rat mesangial cell as well as the high glucose-induced upregulation of TGF-β1 and p-p38, and increased fibronectin accumulation (P<0.05 for all; Fig. 1B) . These results suggest that the increases in viability and TGF-β1 and fibronectin expression observed in rat mesangial cells exposed to high glucose are mediated via p38 activation.
RSV inhibited high glucose-induced rat mesangial cell viability, TGF-β1 expression and fibronectin secretion by inhibiting p38 activation. Next, the effects of RSV on rat mesangial cells exposed to high glucose were investigated in vitro. Cells were treated with 25 µM glucose, or 25 µM glucose + 25 µM RSV, or 25 µM glucose + DMSO vehicle for 24 h. Vehicle treatment had no effect on the viability of cells exposed to high glucose, but treatment with RSV resulted in a significant reduction in cell viability compared with high glucose treatment alone (P<0.05; Fig. 1A) . Consistently, vehicle treatment had no effect on the upregulation of p-p38, TGF-β1 and fibronectin in cells exposed to high glucose, whereas RSV treatment led to significant decreases in p-p38, TGF-β1 and fibronectin expression compared with high glucose treatment alone (P<0.05 for all; Fig. 1B ). These effects of RSV were similar to those of SB-203580 in rat mesangial cells (Fig. 1B) . Together these results suggest that RSV inhibited the high glucose-induced viability, upregulated TGF-β1 and increased fibronectin secretion by inhibiting p38 activation.
Effects of RSV on basic biochemical parameters in diabetic rats. After STZ injection, rats that developed diabetes exhibited increases in food intake, water intake and urine output (Table I) . At the end of the study, the mean body weight of rats with diabetes in all treatment groups (DM, DM + DMSO and DM + RSV) was significantly lower than that of the NG rats (P<0.05; Table I ). In addition, diabetic rats of the DM, DM + DMSO and DM + RSV groups exhibited significantly higher blood glucose concentration, serum creatinine concentration, urinary albumin concentration, kidney weight and ratio of kidney weight/body weight compared with rats in the NG group (P<0.05; Table I ). Treatment of diabetic rats with RSV had no effect on body weight, but significantly reduced the aforementioned increases in blood glucose concentration, serum creatinine concentration, urinary albumin concentration, kidney weight and ratio of kidney weight/body weight compared with rats in the DM and DM + DMSO groups (P<0.05; Table I ).
RSV ameliorated diabetes-induced histological changes in the rat kidney.
Light microscopy images of kidney sections from NG rats showed the normal structure of the glomerulus and tubules (Fig. 2A) . Compared to this, the kidneys of rats with STZ-induced diabetes (DM and DM + DMSO groups) showed histological changes, such as glomerular thickening, interstitial fibrosis, epithelial cellular vacuolar degeneration, hyaline casts and arteriolopathy ( Fig. 2B and C) . Treatment with RSV attenuated the interstitial and glomerular alterations in the kidneys of diabetic rats (Fig. 2D) . The histological changes observed in the kidneys of rats from each experimental group were scored ('-' represents the number of changes ≤10%; '+' represents the number of changes >10% and ≤40%; '++' represents the number of changes >40% and ≤70%; '+++' represents the number of changes >70% and ≤100%), and the results are summarized in Table II .
RSV attenuated p38 MAPK activation, TGF-β1 expression and fibronectin accumulation in kidneys of diabetic rats.
Immunohistochemical analysis revealed the absence of p38 and p-p38 expression in control kidneys. Quantification of immunohistochemical staining indicated a significant increase in p38 and p-p38 in the distal tubules, collecting ducts, occasional proximal tubules and glomeruli of the kidneys of rats with STZ-induced diabetes compared with normal control rats (P<0.05; Fig. 3 , DM and DM + DMSO groups). Staining of kidney sections from rats treated with RSV (DM + RSV group) showed that RSV significantly suppressed the upregulation of p38 and p-p38 compared with the DM group (P<0.05). Quantification of immunohistochemical staining for TGF-β1 showed the same trends, with significantly increased expression in the DM and DM + DMSO groups compared with the control (P<0.05), which was significantly decreased in the DM + RSV group compared with the DM group (P<0.05; Fig. 3 ). In addition, significantly increased accumulation of the ECM protein fibronectin, a known indicator of diabetic nephropathy, was seen in the kidneys of rats with diabetes (DM and DM + DMSO groups) compared with the control group. However, kidney sections from rats in the DM + RSV group showed significantly reduced accumulation of fibronectin compared with the DM group (P<0.05; Fig. 3 ).
Discussion
RSV has previously been shown to protect against renal insufficiency and pathological changes associated with diabetic nephropathy both in vivo and in vitro (18, 22, 23) . However, the mechanisms responsible for these renoprotective effects remain poorly understood. Increased p38 MAPK activation has been found in the glomeruli of kidneys from animal models of diabetes (26, 27) and in mesangial cells cultured under high-glucose conditions (28) . These findings suggest that the p38 MAPK pathway may serve a key function in diabetic nephropathy. Moreover, the p38 MAPK pathway is activated by several stress factors that occur in the process of the diabetic nephropathy development, such as hyperglycemia (28,29), hemodynamic abnormalities (30), oxidative stress (31) and proinflammatory cytokines (32). Enhanced expression of p-p38, as a key signaling molecule in the p38 MAPK pathway, is a marker of activation of this signaling pathway (33) . Activation of p38 MAPK induces inflammatory cell activation, promotes inflammatory mediator expression and mediates cytokine production, all of which are critical events leading to renal tissue injury in diabetic nephropathy. TGF-β1, as a key cytokine, plays a pivotal role in promoting cell viability and increasing ECM production in diabetic Immunohistochemical staining of kidney sections from diabetic rats with and without RSV treatment. Kidney sections from rats in each experimental group were examined by immunohistochemical staining for p-p38, p38, TGF-β1 and fibronectin (magnification, x400). Quantitative relative density data are shown on the right. NG, normal control group; DM, diabetes mellitus control group; DM + DMSO, diabetic rats treated with vehicle; DM + RSV, diabetic rats treated with RSV; p-p38, phosphorylated-p38; TGF-β1, transforming growth factor beta 1; FN, fibronectin. nephropathy (34) , and the role of p38 MAPK activation in the progression of diabetic nephropathy in both humans and experimental animals has been linked to its induction of TGF-β1 expression (35) . Nevertheless, the effect of RSV treatment on p38 MAPK/TGF-β1 signaling in diabetic nephropathy has remained unclear. In the present study, it was hypothesized that RSV exerts its renoprotective effects in diabetic nephropathy by inhibiting TGF-β1 through suppression of p38 MAPK activation.
To test this hypothesis, the effects of high glucose and RSV on cell viability and expression of p38, p-p38, TGF-β1 and fibronectin were evaluated using the CRL-2573 mesangial cell line. It was found that high glucose significantly increased p38 MAPK activity and TGF-β1 expression in mesangial cells as well as their viability and fibronectin expression. These results are consistent with those of previous studies (23, 36, 37) . For example, Wilmer et al (29) reported that TGF-β1 is critically involved in mesangial cell viability and fibronectin expression. The p38 activity inhibitor SB-203580 was also used to demonstrate that the increases in mesangial cell viability and fibronectin expression induced by exposure to high glucose via upregulation of TGF-β1 were dependent on p38 MAPK activation. Furthermore, RSV treatment significantly inhibited the high glucose-induced increases in p38 MAPK activation, TGF-β1 expression, cell viability and fibronectin expression in mesangial cells. These findings supported the hypothesis that RSV acts through p38 MAPK/TGF-β1 signaling to inhibit high glucose-induced changes in mesangial cells.
The current study also investigated the mechanisms underlying the effects of RSV on renal function and histological abnormalities in rats with STZ-induced diabetes. At 8 weeks after STZ injection, the rats demonstrated typical characteristics of diabetic nephropathy such as hyperglycemia, polyuria and weight loss, and increases in serum creatinine, urinary albumin excretion and the ratio of kidney weight/body weight. Moreover, kidneys from these mice showed pathological changes such as glomerular thickening, interstitial fibrosis and hyaline changes, epithelial cellular vacuolar degeneration, hyaline casts and arteriolopathy. Treatment with RSV significantly reduced these changes in biochemical parameters as well as the pathological alterations observed in diabetic rats. Via immunohistochemical staining, it was observed that RSV treatment also reduced p38 MAPK activation and the expression of downstream molecules including TGF-β1 and fibronectin in the diabetic rat kidney. These findings further indicate that p38 MAPK/TGF-β1 signaling plays a role in the renoprotective effects of RSV in a rodent model of diabetic nephropathy.
In conclusion, both the in vitro findings in high glucose-treated mesangial cells and the in vivo findings in rats with STZ-induced diabetes demonstrated that the renoprotective effects of RSV involve the attenuation of p38 MAPK activation as well as reduced expression of TGF-β1 and fibronectin. Thus, we propose that p38 MAPK/TGF-β1 signaling is inhibited by RSV. The results of the present study provide insight into the mechanisms responsible for diabetic nephropathy, as well as the related effects of RSV. This could be applied in the development of an effective therapeutic strategy for treating this chronic complication of diabetes.
